Introduction
In this presentation I would like to discuss the theory of electron capture in multielectron ion-atom collisions based upon the atomic expansion method proposed by Batesl in 1958. For the first time the electron transfer cross sections in ion-atom collisions in the energy range from a few keV/amu to a few MeV/amu collisions can be obtained with good accuracy from ab initio calculations, The presentation will deal primarily with single electron transfer processes; an independent electron approximation including only the electron that is directly transferred will be used. After a brief discussion on the atomic expansion method and its region of validity, the application of the method to the charge transfer in a variety of ion-atom collisions will be discussed. Topics to be included in the talk are; (1) examination of the various first order perturbation theories for charge transfer; (2) the K-K electron capture cross sections in heavy ion-atom collisions; (3) the'differential' cross sections for electron transfer; (4) electron capture from L-and M-subshells; (5) quasi-molecular binding correction to the atomic expansion method; and (6) further improvement of the theoretical model.
Theory of Electron Capture -the Atomic Expansion Method
The atomic expansion method was first introduced by Batesl under the title "Electron Capture in Fast Collisions." However, as we will see later, this theory is practical and useful only for collisions at energies where the projectile velocity is nearly equal to the orbital velocity of the electron to'be captured. Nevertheless, the theory does cover a wide range of collision energies since the total electron capture cross section is the sum of contributions from individual subshells of the target atom and the contribution of each subshell peaks near the velocity matching region where the present model works.
[ rA \ BI (5) where VA(VB) is the potential energy of the electron in the field of the target (projectile), a set of first order coupled equations for {am(t), bn(t)} are obtained. In an actual calculation, the expansion in (3) is truncated to finite terms. For electron capture problems, the simplest expansion, following (3), with obvious notations, is l÷ 1 2 *P&r,t)
i.e., by including only the initial state pA Of (e+A) and the final state cB of (e+B)
In terms of the simple expansion (6) , the coupled equations for a(t) and b(t) are i(l-s2)a' = a(h -SBhB) + b(hAB SABhBB) It is to be emphasized that the expansion in (6) is a truncated basis expansicn; it is applicable to problems where the capture probability is not small.
Region of Validity
The two-state, two-center atomic expansion (6) and (7) The region of validity of the atomic expansion method is rarely discussed. In the limit of v = 0, expansion (6) is an expression for the linear combination of atomic orbitals (LCAO) for the evaluation of the two molecular potential curves which converge to EA and EB at large R, the internuclear separation. To see this, we notice that by making a proper phase transformation, the diagonal terms on the right hand side of (7)'can be eliminated, resulting
where dA (dB) is related to a(b) by a phase transformation. In (8), wt+6 is given by
B BB BA BA which is the time integral of the two "potential curves" obtained in the atomic expansion method.7
In Fig. 1 , we show the two lowest potential the adiabatic molecular limit as v + 0; thus the atomic expansion method is not expected to be valid for small v.
The translational factor which describes that the electron is moving with the projectile or with the target is properly accounted for in the atomic expansion (3) , thus the atomic expansion method is expected to be valid for region of R where the distortion of the active electron is properly treated, i.e., in the large R region. For projectiles with velocity near the orbital K-shell electron velocity, the capture occurs primarily near the K-shell radius and the present method is expected to work --as'demonstrated from the results to be presented in the next few sections. For slower collisions, the exponents of the oscillating term exp ±i(wt+6) in (7) are large and the calculation is very sensitive to the proper treatment of the distortion of the electron due to the two nuclei. For faster collisions the capture has to occur at small R where the distortion of the electron by the two nuclei is' again not properly treated by the expansion (6) and thus'the atomic expansion method is not valid at high velocities.
Despite the above limitations, the atomic expansion method'is still very useful in describing the charge transfer processes in a variety of situations of practical interest. In the following I will describe several of these applications.
A Perturbation Theory for Charge Transfer?
According to the very publicized unpublished results of Drisco,8 the second Born term is more important than the first Born term in the perturbation expansion for charge transfer in the high-energy limit. The question is then: 'is there a first order perturbation theory for charge transfer?
Because of the nonorthogonality of initial and final states in the electron capture process, there are at least two well-known versions of first Born theories: the Oppenheimer, Brinkman and Kramers9 (OBK) approximation, and the Jackson and Schiffl0 (JS) approximation. The validity of these two approximations has been a topic of constant discussion over the years. To understand the origin of the confusion,2 we note that in (8) if the capture amplitude is small, we can set dA -1 in the second equation. By neglecting 6 and assuming s2 << 1, the capture amplitude can be written as system, obtained by assuming
The solid lines correspond to the "adiabatic" molecular curves while the dashed lines correspond to the two terms in the square brackets of (9) [notice that the matrix elements in (9) When the capture probability is small, the capture cross section computed from (11) is equal to that calculated from the two-state atomic expansion method. Equation (11) can also be obtained from the first order perturbation theory by requiring the final state wave function to be orthogonal to the initial state wave function; it is equivalent to the distorted wave theory of Bassel and Gerjuoy.12 In this connection, however, eq. (11) is valid only in the region where the twostate atomic expansion method is also valid (in addition to the requirement of small capture probability). In particular, it reduces to the OBK approximation at high energies. However, in the energy region where the cross section peaks, the "first order" expression (11) appears adequate.
In Fig. 2 
where Z=18 for Ar. The functional form (14) is chosen so that the matrix element hAB can be conveniently evaluated. The initial wave function fA is represented in a form
Ei Ci Ui (15) where U is a Slater basis function chosen similar to that used in the analytic Hartree-Fock wave functions.23 The expansion coefficients {Ci} are obtained by solving (4a). In Fig. 4 It was pointed out in the paragraph following equation (9) that the exponent wt + id in the coupled equation (8) is the time integral of the difference of the two "potential curves" obtained in the atomic expansion method. The two "potential curves" do not converge to the adiabatic molecular potential curves in the v = 0 limit. For collisions at lower energies, the oscillatory exponential in (8) is the dominating factor for determining the magnitude of the coupling. As v decreases, the quasi-molecular behavior of the collision system can be taken into account simply by replacing wt + id by the time integral of the difference of the two relevant adiabatic molecular curves. In Fig. 5 From the above discussion, it is clear that the simple two-state, two-center atomic expansion method, when combined with a suitable independent electron model, provides an adequate description for single electron transfer processes in the energy region where the model is expected to work. Further improvement involves both the atomic model as well as the scattering model.
A) The scattering model: For asymmetric systems, like the K-K capture in p-Ar collisions, improvement of the theory and experiment at lower energies might be achieved by including a few more atomic states of the target in the expansion. Work is underway to investigate this effect. For more symmetric systems, a three-center atomic expansion method is a desirable first step toward understanding collisions at small impact parameters. In this method, expansion using the eigenfunctions of the united atom around the third center --the center of the two charges, is introduced to describe the distortion of the electron at small R which is not adequately described by the truncated two-center expansion. This appears to be a very reasonable theoretical model, but the progress is hampered by numerical complications.
B) The atomic model: Within the independent electron approximation, other model potentials can be used, but no significant change is expected. Additional refinement, within the two-center expansion method, can be achieved by using the total manyelectron Hamiltonian and wave functions of the colliding system. At low energies this multielectron model is expected to result in some difference from the independent electron model. It is appropriate to comment that in Fig. 2 the K-shell electron of Ar can be transferred to the proton in two different ways: a direct capture process; and a two-step process in which an L-shell electron is captured by the proton, accompanied by a direct excitation of the K-shell electron to the L shell. These two processes cannot be distinguished experimentally. The experimental data of Fig. 2 for the K-K capture are obtained by subtracting the two-step cross sections from the measured total electron transfer cross sections. This method can cause significant errors since the two processes described above should be treated coherently. A more suitable approach is to include both processes in the theoretical model and compare the results with the experimental total electron transfer cross sections.
